Abstract: Na + compartmentalization into vacuoles is one of the effective strategies for adaptation of halophytes to saline environments. The tonoplast Na + /H + antiporter (NHX) has been proved to be involved in the compartmentalization of Na + into vacuoles to alleviate Na + toxicity in cytoplasm. However, the function of NHX in halophyte Iris lactea is still unclear under salt stress. In this study, a significant positive correlation was observed between Na + accumulations and IlNHX expression levels in shoots and roots under different concentrations of NaCl (0-200 mM), indicating IlNHX might be involved in Na + accumulation of I. lactea in response to salt stress. More important,
IlNHX was specifically localized to the tonoplast. Transgenic tobacco plants expressing
IlNHX grew better and showed higher salinity tolerance under salt (200 mM NaCl) Soil salinity is a major factor that limits growth, development and productivity of plants [1] . In generally, most plant species mainly suffered from the increase in cytoplasmic osmotic stress and Na + specific toxicity under salt stress [2, 3] . This is attributed to the fact that over-accumulation of Na + in the cytosol leads to the inhibitions of protein synthesis, many enzymatic reactions and photosynthetic processes [4-6].
However, halophytes have evolved various mechanisms to overcome salt stress through long term natural selection, thus adapting to tolerate seawater and higher concentrations of salts [7] . Therefore, through an understanding of the mechanisms leading to successful adaptation to salt in halophytes, it has already been possible to identify key genes able to alter metabolism and increase plant tolerance to salt [8] .
One of adaptation strategies in halophytes is that preferentially transport Na + into the shoots, and further is compartmentalized into vacuoles maintaining a low osmotic potential and avoiding Na + toxicity in cytosol under salt stress [9, 10], while glycophytes achieve this predominantly by increased de novo synthesis of compatible solutes [11] . Na + compartmentalization is thought to be mediated via tonoplast Na Figure 1A ). Meanwhile, our previous study showed the expression of IlNHX was upregulated in both shoot and roots, but its transcription levels were always higher in shoots than in roots with increasing concentrations of NaCl. Further analysis found there was a significant positive correlation between Na + accumulation and expression levels of IlNHX in shoots and roots of I. lactea under 0-200 mM NaCl for 48 h ( Figure   1B , C). These suggested that IlNHX might be one of major component for Na + accumulation in I. lactea under salt stress.
Transient Expression of IlNHX in Mesophyll Protoplasts of Arabidopsis
To investigate the subcellular localization of IlNHX, a GFP reporter construct was developed to express a fusion protein consisting of GFP fused to the C terminus of 
Molecular Characterization of IlNHX Transgenic Tobacco Plants
To understand fully the function of IlNHX in salt tolerance of plants, we introduced the IlNHX into tobacco by Agrobacterium containing a binary vector pCAMBIA3301.
We obtain totally eighteen plantlets survived and then were transferred to pots in greenhouse via selection on basta. A total of nine positive transgenic tobacco plants only appeared the fragments of 235 bp for IlNHX by PCR amplification (data not showed). IlNHX showed the highest expression levels in L1 and L2 and the lowest expression levels in L7, L8 and L9, but had not detected in WT ( Figure S1A ). Therefore, transgenic tobacco plants L1 and L7 were randomly selected to carry out the further assays.
In addition, compared with WT plants, tonoplast proteins of isolation increased significantly the IlNHX in L1 and l7 using western blot analysis, and the level of protein in L1 was higher than in L7 ( Figure S1B ).
Overexpressing IlNHX Improved Growth and Enhanced Salt Tolerance in Tobacco
As shown in Figure 3A , Figure 4 ). In the presence of 200 mM NaCl, shoots and roots Na + concentration was remarkably increased in both WT and transgenic plants relative to the control, whereas the Na + concentrations in shoots or roots of L1 was 55% or 26% higher, and of L7 was /Na + ratio in tobacco exposed to salt stress.
Overexpressing IlNHX Increased V-ATPase Activity in Tobacco
To test whether enhanced the proton pumps activity at tonoplast in transgenic plants, 
Overexpressing IlNHX Improved Chlorophyll Level and Maintained Cell Membrane Integrity in Tobacco
To investigate the effect of NaCl on photosynthetic apparatus in WT and transgenic plants, their chlorophyll contents were determined. As shown in Figure 6A , total chlorophyll contents were not significantly different between WT and transgenic plants at the normal conditions, but total chlorophyll contents was remarkably declined in both WT and transgenic plants by salt stress. It was further observed that total chlorophyll content of L1 and L7 was 67% and 57% higher than that of WT plants under salt stress, respectively ( Figure 6A ).
To test the impact of Na + induced oxidative stress on the membrane stability of in WT and transgenic plants, MDA accumulation was examined under salt stress. No marked differences were found in MDA content between WT and transgenic plants in the absence of NaCl, but the presence of 200 mM NaCl enhanced significantly the MDA content in both WT and transgenic plants; whereas MDA content was 43% or 38% lower in L1 or L7 than in WT plants ( Figure 6B ). These data suggested overexpressing
IlNHX could significantly reduce chlorophyll loss, and alleviate the Na + induced oxidative damage to cell membrane in tobacco.
Discussion
Compartmentalization of Na + into vacuoles is considered to be a critical mechanism to avoid Na + toxicity in cytosol while providing the additional osmoticum for turgor maintenance and water uptake [30, 31] . NHX is mainly involved in the compartmentalization of Na + into vacuoles to remove potentially harmful ions from the Meanwhile, we observed that IlNHX is specifically located at the tonoplast ( Figure 2 ).
Previous study found that AtNHX1 and PeNHX3 localized at the tonoplast were 
Materials and Methods

Plant Growth Conditions and Treatments in Greenhouse
Plasmid Construction
The open reading frame (ORF) of IlNHX gene was amplified using Tks Gflex DNA Polymerase with P1 (Table S1 , Nco I restriction site underlined) and P2 (Table S1 , Bst To further construct C-terminal green fluorescent protein (GFP) fused gene expression vector, the fragment of IlNHX without the stop codon was firstly obtain using IlNHX primer pairs P3 and P4 (Table S1 , Eco RI/Kpn I restriction site underlined).
The IlNHX fused with GFP was inserted via Eco RI/Bam HI sites into pBSHES-NL vector using the In-Fusion system to generate IlNHX::GFP constructs driven by CaMV 35S promoter.
Subcellular Localization of IlNHX
The IlNHX::GFP fusion construct was transiently expressed in protoplasts isolated from Arabidopsis thaliana Col-0 cell suspensions based on PEG-mediated method [50] .
These protoplasts containing the plasmids mentioned above was transferred into 5 ml petri dish and incubated in the dark at 23 °C for 2-3 d. Fluorescent signals from both GFP and chloroplast autofluorescence (red) in the protoplasts were then observed using an inverted FV10-ASW confocal laser scanning microscope (Olympus, Tokyo, Japan).
Genetic Transformation and Molecular Characterization
Agrobacterium tumefaciens strain EHA105 was introduced into the above mentioned constructs by the chemical method and used for tobacco (Nicotiana tabacum cv. Wisconsin 38) transformation using the leaf disc method as described with minor modifications [51] . The infected leaf sections were cultivated on co-culture Murashige and T2 transgenic tobacco plants using the MiniBEST Universal Genomic DNA Extraction Kit (TaKaRa). The transgenic plants were confirmed using forward and reverse primer pairs P5 and P6 for IlNHX (Table S1 ). Total RNA was extracted with a Trizol Kit following the manufacturer's instructions (TaKaRa). First strand cDNA was synthesized from 2 μg of total RNA using an Oligo dT Primer and Prime Script RTase 
Assessment of Salt Tolerance in Transgenic Tobacco
T2 seeds of transgenic tobacco or WT plant seeds were disinfested with 5 % NaClO 
Isolation of tonoplast vesicles, determination of vacuolar H + -ATPase and western blot analysis
According to the method of minor modifications [52] , tonoplast enriched membrane vesicles were isolated. We select the top fully expanded tobacco leaves by 200 mM NaCl for 10 days, then were homogenized in extraction medium containing For western blot, 20 μg tonoplast proteins were separated using 12% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), and was immunoblotted with antibody against polyclonal Na + /H + antiporter (AS09484, Agrisera, Vännäs, Sweden). Blots were performed according to describe the methods [53, 54] .
Determination of Chlorophyll and Malondialdehyde Contents
Chlorophyll contents were estimated using a modified method [27] . Briefly, 200 mg fresh leaf samples were ground using quartz sand and extracted with 80% acetone 
Determination of Na + and K + Concentration
At the end of each treatment, roots was washed twice for 8 min in ice-cold 20 mM
CaCl2 to exchange cell wall-bound Na + , and then shoots rinsed in deionized water to remove surface salts [56] . Harvested Iris lactea or tobacco plants were washed thoroughly with running distilled water, separated into shoots and roots, and then oven dried at 80 °C for 3 days to obtain dry weights. Na + and K + were extracted from dried plant tissue in 100 mM acetic acid at 90 °C for 2 h and ions analysis were performed using an atomic absorption spectrophotometer (AA-6300C, Shimadzu, Kyoto, Japan).
Statistical Analysis
All data are presented as means with standard deviation (SD). Statistical analyses including one-way ANOVA, Duncan's multiple range tests were performed by statistical software (Ver.13.0, SPSS Inc, Chicago, IL, USA).
Conclusions
Our results demonstrated that overexpressing IlNHX in tobacco increases the compartmentalization of Na + into vacuoles as well as higher tissues' K + /Na + via enhanced tonoplast proton pumps activity contributing to maintain K + and Na 
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